Introduction: Behavioural interventions have been shown to improve outcomes in patients with type 1 diabetes mellitus (T1DM). There are a small number of studies that suggest text-messages (TM), native mobile applications (NMAs), and other mobile tools may be useful platforms for delivering behavioural interventions to adolescents. Aim: The aim of this study was to explore, by way of a systematic review of available literature, (a) the outcomes of interventions using mobile technology for youth with T1DM and (b) what mobile technologies, functional design elements and aesthetic design elements have the best evidence to support their use. Methods: A search of six online databases returned 196 unique results, of which 13 met the inclusion criteria. Results: Four studies were randomised controlled trials (RCTs), and all others prospective cohort studies. TM (10) was the most common intervention technology, while NMAs were used in four studies. The most common outcome measured was HbA1c (9); however, only three studies showed a significant decrease. Similarly, the results reported for other outcome measures were mixed. The studies included in this review suggest that interventions which have data collection and clinician support functionality may be more effective in improving adherence and glycaemic control, but more evidence is needed. Further, the evidence base supporting the use of NMAs in T1DM management for adolescents is weak, with most studies adopting TM as the intervention tool. Overall, the studies lack adequate descriptions of their methodology, and better quality studies are required to inform future intervention design.
Introduction
Type 1 diabetes mellitus (T1DM) is a chronic autoimmune disease that is estimated to account for 10% of all diabetes in Australia. 1 Unlike type 2 diabetes mellitus, more than half of cases arise in childhood or adolescence, with T1DM accounting for over 90% of Australian diabetes cases in this patient group. 2 The frequency of self-monitoring of blood glucose (BSL) and engagement in daily management activities have previously been shown to improve outcomes in adolescents with T1DM. 3, 4 The degree of engagement in these activities is medically known as adherence. There is consensus that as adherence increases, HbA1c decreases. 5 However, it has been widely recognised that the period of adolescence is associated with reduced engagement in these self-care behaviours as the adolescent adjusts to increasing individual responsibility. [6] [7] [8] [9] This is not only an issue associated with reduced adherence to insulin dose schedules, with previous research suggesting that reduced engagement in self-management activities and poor disease education have a substantial impact on glycaemic control (GC) and clinical outcomes in the population group. 5, 10, 11 There are many behavioural interventions that have been proposed to improve adherence more broadly across the literature. 12 Previous literature has suggested that text-messages (TM) may be a useful platform for delivering these behavioural interventions to an adolescent population; however, there is wide variability in the results and methods of these studies. [13] [14] [15] [16] [17] [18] [19] As technology has matured, research has begun to propose that native and web based applications on mobile devices may be a more effective delivery platform for similar interventions. 15, 20, 21 Only a small number of studies have looked at these interventions in the population group, and results have been mixed. [21] [22] [23] [24] [25] [26] [27] [28] A recent systematic review showed that there has been little evidence of success in the use of native and internet-based mobile applications to improve GC, most commonly evidenced by HbA1c, in any population subgroup with T1DM. 21 Currently, the literature base provides limited evidence to support particular design techniques for the design of interventions for T1DM on mobile devices. 29 This is partially due to the failure of previous studies to clarify the clinical, educational and psychosocial goals of their interventions and how behavioural theory is integrated into their study design. 15 In addition, design tools associated with the interventions (e.g. game based design, gamification, motivational messaging, tailored messaging, social support) and the methods of design are poorly described.
Behaviour change theories, such as social cognitive theory, protection motivation theory and the elaboration likelihood model, are used by the literature to support the design of health interventions for adolescents using mobile devices. 14, 16, [30] [31] [32] In particular, they place emphasis on the importance of developing perceived self-efficacy, rolemodelling, personalised feedback and health education for improving adherence. Surprisingly, these theoretical models are sparsely used to support the methods of studies that examine the role of mobile technology in motivating adolescents with T1DM. Hence, no conclusion can be made regarding how these theoretical models can be best implemented for health interventions for adolescents delivered using mobile devices.
Still, there seems to be growing confidence that the use of modern mobile technology to motivate adolescents with T1DM is useful in improving adherence to treatment and engagement in self-management activities. 14, 15, 21, 33 The aforementioned points highlight the gaps in the literature surrounding the lack of systematic analysis that can be used to inform the design of future interventions delivered using mobile devices. The aim of this study was to explore, in the way of a systematic review of available literature, (a) the outcomes of interventions using mobile technology for youth with T1DM and (b) what mobile technologies, functional design elements and aesthetic design elements have the best evidence to support their use.
Methods
A keyword search was conducted of peer-reviewed journal articles that described a primary study where the intervention was using a mobile device for adolescents with T1DM. For the purpose of this review, mobile technology was defined as any device with a battery and network connectivity and adolescence was defined as the period between 11 and 19 years. The search terms are outlined in Table 1 .
The search was conducted using the CINAHL, EMBASE, MEDLINE, PsycINFO, PubMed and Web of Science databases. Reference lists of papers that were selected for inclusion were also reviewed. We applied a date limit from January 2009 to May 2015 and excluded articles not published in English or where the full text was unavailable. Articles concerning pump therapy were excluded because control over glucose measurement and insulin dosage by the patient is somewhat reduced compared to those not using pump therapy. Conference presentations were excluded. Papers were also excluded if they were solely a trial of telepresence consultations and/or remote monitoring without intervention.
The inclusion and exclusion criteria were applied independently (abstract and full paper) by the authors, and uncertainty was resolved by consensus. The literature search was completed in June 2015.
The mode of telemedicine delivery was not reported as the review was limited to store-and-forward applications. The technology used by interventions was classified as one or more of native mobile applications (NMA), web applications, text-messaging, multimedia messaging (MMS), mHealth and email. mHealth technology was defined for the purposes of this study as tools (e.g. a glucometer) that autonomously transfer data (e.g. BSL) to an NMA or a cloud service used with a mobile device. The functional design of the interventions was classified as one or more of data collection, clinician support, educational, gamification, social support, simple reminders and tailored reminders.
Results
The search produced a total of 270 records and five additional records were added through the manual search (see Figure 1 ). After removing duplicates and screening the abstracts of the remaining records, 21 remained for full text assessment. Of these, six were removed because the focus of the study was primarily on telepresence, one was removed because there was no intervention, and a final paper was removed because the intervention was for parents only. Therefore, the review included 13 papers.
Quality of evidence
Four (31%) of the selected records were randomised controlled trials (RCTs) and all others were prospective cohort studies. Three of the RCTs assessed TM interventions and one assessed an intervention that made use of an NMA. Sample sizes ranged from 10 to 200 (median 23), with most studies having age ranges within 12-18 years (range: 4-25). The median duration of the interventions was 13 weeks. Table 2 summarises the results.
Technology
Interventions that utilised TM were most common (10) . Other studies used, for example, NMAs (3), mHealth solutions (3), web applications (2), MMS (1), social media (1) and email (1) . TM was used as the sole technology platform for interventions in three of the studies, and in seven others it was used with other technology. One mHealth study made use of an NMA as part of its technology platform. Table 2 also summarises this information.
Outcomes
The most common outcome measure was HbA1c (n ¼ 9, 69% of studies), of which two studies that used the measure showed a significant reduction, three showed a non-significant reduction, and one showed no change compared to a control that increased. Table 3 outlines the results of the studies that measured HbA1c. The two studies that achieved a significant reduction in HbA1c were both prospective cohort studies. Both of these studies used TM technology to allow data collection and clinician support. Berndt et al. 23 conducted an RCT of an NMA and there was a significant reduction of the intervention group's HbA1c compared to baseline; however, this was not compared to the control group, which also showed a significant reduction. This intervention supported data collection in addition to allowing clinicians to review the data and provide advice.
Adherence was the second most common outcome measure (n ¼ 7, 54% of studies). How this was measured varied greatly, including:
1. The average daily frequency of BSL measurement (4); 2. The frequency of missing BSL measurements (1); 3. The frequency of insulin injections (1); 4. The frequency of missing insulin injections (1); and 5. The diabetes self-management profile (1) .
Four studies showed an increase in the average daily frequency of BSL measurement, with one of these being significant. No study showed a decrease in adherence measures. In a study that sent reminders and educational messages to participants using TM, Herbert et al. 14 showed that the number of times a participant sent their BSL back using TM was inversely proportional to average BSL, but not related to HbA1c.
Other commonly measured outcomes included: satisfaction (4); quality of life (3); self-efficacy (3); BMI (2); and acceptance (2).
Design techniques
Design techniques and functionality were varied across the studies. Table 4 outlines the frequency of functional design element use among the interventions. The 24 20 Prospective cohort study 12 Weeks NMA Carroll et al. (2011) 25 10 Prospective cohort study 3 Months TM; phone calls; mHealth Carroll et al. (2011) 35 39 Prospective cohort study 6 Months TM; phone calls; mHealth Frøisland et al. (2012) 26 12 collection of health data was the most common functional element. Reminder functionality was based on a predetermined algorithm in two studies and customisable in three studies. Only one study used game-like elements in their intervention tool, in the form of in-game points and subsequent Apple App Store extrinsic rewards. Similarly, only one study used motivational messages as a technique to improve adherence. Table 5 outlines the description of intervention design across studies. Eight studies described the theoretical motivation for the design of their intervention, while the remaining five simply cited the benefit of using technology as an engagement tool for adolescents. Cafazzo et al. 24 designed an NMA with the ability to record BSL measurements, based on interviews. This process suggested that NMAs should be designed to: (a) enable fast, discrete transactions; (b) make decision making easier through data visualisation; (c) use alerts and rewards to promote engagement and avoid decision inertia and (d) make information sharing easy. Other studies used similar techniques; specifically, Frøisland et al. 26 proposed the use of visualisation as a technique to improve conditionspecific knowledge because of a theoretical link between visualisation as an initial step in information processing and self-care.
Four out of five (80%) studies that used a graphical user interface (i.e. not TM only interventions) provided some justification for their user interface (UI) design, and how this related to their broad design goals. However, only Cafazzo et al. 24 provided a level of detail that explained how each application screen was designed and why it was included. Eight out of the 13 studies (61%) provided screenshots of their intervention or example phrases for TM interventions. 37 Social cognitive theory Description not provided Not provided Louch et al. (2013) 38 Theory of planned behaviour N/A Provided Markowitz et al. (2014) 39 Goal-setting and improving self-efficacy N/A Provided Mulvaney et al. (2012) 17 Removing barriers to adherence N/A Provided Yi-Frazier et al. (2015) 27 Social learning theory N/A Provided Functionality that reminds a user to engage in daily management activities, which may be triggered based on inputted health data
The delivery of disease specific health messages to users on a recurring basis 4 Motivational Messages
The delivery of messages, with the primary purpose of motivating a user to engage better with their management, which may or may not be disease specific 1
Social Support
The use of social media, or other tools, to communicate with other users with a similar health status about health related information 2
Gamification
The use of explicit games, or implicit game-like elements, as a way of conditioning users to perform particular tasks 1
Use of behavioural change models
Only three of the articles identified supported the functional design of their intervention using psychological theory. Huang et al. 37 referenced social cognitive theory, Yi-Frazier et al. 27 referenced social learning theory, and Louch et al. 38 referenced the theory of planned behaviour.
Discussion
The focus of most studies included in the review was describing how mobile technology, in particular TM, was able to improve GC in adolescents with T1DM. Even though HbA1c was only shown to decrease significantly in two studies, none showed a significant increase. Similarly, all studies which measured adherence reported positive results, although not all were significant. Hence, interventions delivered using mobile technology may play a beneficial role in improving health outcomes, but inconsistencies in the studies (such as the inclusion criteria and how outcomes were measured) make it difficult to confirm this.
There is some evidence that the design of interventions delivered using mobile technology effects the efficacy of the intervention. Both studies that showed a significant decrease in HbA1c were designed to encourage data collection using TM, as well as facilitating clinician feedback based on this data. Berndt et al. 23 conducted an RCT of an NMA with similar functionality, which was shown to significantly improve GC compared to baseline but not compared to the control. Referring to studies included in this review, Barnaba et al. 15 postulates that interventions which simply remind adolescents to check their BSL had no impact on GC. However, this conclusion is preemptive as the methodologies of the interventions do allow for data collection using other methods, and further investigation is needed. 26, 36 The results of this review highlight a changing narrative in the literature over the past decade. Prior to the widespread use of NMAs, largely credited to the release of the App Store in late 2008, the use of mobile technology in the population group was limited to TM and email interventions. The surge in popularity of NMAs, especially those commercially available from the App Store targeted at self-management of diabetes, raises questions about the current applicability of literature published before 2009. Unsurprisingly, the most common design feature of the interventions in this review was the ability to store and view health data, which is consistent with the popular 'quantified self' movement in smartphone application design. Only three studies used Bluetooth glucometers to capture data, while all others required manual input of BSLs. It is unusual that only one study used game-like elements in their design, as this is a common feature of quantified self apps on smartphones. Furthermore, only one study used motivational messages as a technique to improve adherence, which is surprising considering the previous focus of the literature on using this design technique to improve adherence in adolescents with T1DM. 18, 40 Surprisingly, there does appear to be a lack of use of the new features of smartphones, such as accelerometers, Bluetooth and rich graphics, across the interventions included in this study.
Although there is some similarity in the functionality of interventions, the way this was implemented across studies was vastly different. It is positive to note that all studies provided a description of their interventions' functionality, with most detailing triggers such as when textmessages were sent or when points were awarded for participant behaviour. However, the aesthetic design was poorly described, leaving a relative inability to identify trends and improve results in future studies.
The scant use of behavioural change theories to support intervention design is another factor that limits the reproducibility of results. In this review, two of three studies that designed their interventions based on these theories showed a level of significance. Firstly, Huang et al. 37 used social cognitive theory to design a TM intervention by using case studies to show participants the consequences of particular activities. This study showed a significant improvement in health related self-efficacy and problem solving in the intervention group. Secondly, Louch et al. 38 proposed that tailored reminders would improve conscientiousness and perceived behavioural control, and subsequently lead to increased adherence. The authors argued that the theory of planned behaviour lent support to this assertion. In this study there was a marginally significant (p ¼ 0.08) increase in the number of insulin injections, most pronounced in adolescents who scored lowly on conscientiousness and perceived behavioural control measures.
Conclusion
There is some evidence to suggest the use of mobile technology improves adherence and clinical outcomes for adolescents with T1DM. Studies have attempted to explore the effectiveness of different functionalities of mobile technology. Some have shown positive results; for example, there is evidence to suggest that data collection and clinician feedback are important functional elements in interventions that aim to motivate users and improve GC. However, large-scale RCTs are needed to improve the strength of the evidence and provide support for implementation. Similarly, there is a need for research to compare the effectiveness of the same intervention (a) using different mobile technologies; (b) using a different aesthetic design and (c) compared to non-electronic mediums. Answering these key questions, and thereby enabling a set of best practices to be established which are specific to adolescents, is an area where the scientific community can impact the design of interventions deployed using mobile technology to motivate adolescents with T1DM.
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